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H. Elizabeth Kirkpatrick' and Kaitlin C. Lubetkin?, University of Puget Sound, 1500 N. Warner Avenue, Tacoma, Washington
98416

Responses of Native and Introduced Plant Species to Sucrose Addition in
Puget Lowland Prairies

Abstract

Nitrogen enrichment has often been demonstrated to enhance the success of introduced plant species at the expense of native
species. In the south Puget lowland prairies of Washington State, invasion by Scotch broom (Cytisus scoparius), a nitrogen-
fixing legume, is associated with elevated soil nitrogen levels. After broom removal, the higher soil nitrogen levels may have
facilitated the secondary invasion of the prairies by numerous non-native species, particularly rhizomatous pasture grasses
that can interfere with native plant seedling establishment. Numerous studies have shown the potential for carbon addition
to immobilize soil nitrogen and reduce the success of introduced species relative to native species. We compared the avail-
able soil nitrate, the cover of native and introduced species between sugar-addition (1000 g C m?) and control plots on two
Puget lowland prairies. Sugar treatment initially immobilized nitrate and reduced cover of introduced species compared to
that on control plots, but these effects dissipated within two years. Moreover, after four years, cover of introduced species,
especially that of Agrostis capillaris and Hypochaeris radicata, had rebounded to become higher in sugar-addition than in
control plots. In contrast, native species showed no negative responses to sugar treatment, suggesting that where sugar or
other carbon treatment is economically feasible, combining carbon with the establishment of a high density of native species
might limit the potential for introduced species to rebound.
Introduction control. Restoration efforts that focus on the symptom
(removing introduced species) but fail to address the
underlying cause, presumably a shift in competitive
abilities due to soil enrichment, may meet with limited
success. In contrast, management techniques that at-
tempt to address the underlying cause might meet with
more success (Marrs 1993). In particular, techniques
that reduce the soil nitrogen available to the plant
community might restore the competitive balance in
favor of native species. We evaluated the potential for
carbon addition to reduce availability of soil nitrogen
and enhance the competitive success of native species

Habitats worldwide are subjected to nitrogen enrich-
ment from anthropogenic sources (Driscoll et al. 2003,
Fenn et al. 2003) and from invasive nitrogen-fixing le-
gumes, which are disproportionately represented among
invaders of native grasslands (Daehler 1998, Randall
et al. 1998). Such legumes can dramatically increase
available soil nitrogen (Witkowski 1991, Stock et al.
1995, Vitousek et al. 1997), and thereby have residual
effects after their removal from the habitat (Maron and
Jefferies 1999). Nitrogen enrichment of habitats that
are naturally nitrogen-limited poses a significant con-

servation concern (Vitousek and Howarth 1991, Bakker
and Berendse 1999) because of the well-documented
negative effects of enrichment on plant species diver-
sity (Aerts and Berendse 1988, Foster and Gross 1998,
Stevens et al. 2004) and invasion (Huenneke et al. 1990,
Wedin and Tilman 1990, Maron and Jefferies 1999).
The combination of nitrogen enrichment and invasive
species is particularly challenging for management of
grasslands where the presence of a large component of
native species restricts the available options for invasive
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in the Puget lowland prairies of western Washington.

The Puget lowland prairies are one of the most
endangered ecosystems in the United States (Noss et
al. 1995). These prairie ecosystems support several
taxa of national or statewide concern, including the
mazama pocket gopher (Thomomys mazama), western
gray squirrel (Sciurus griseus), golden paintbrush
(Castilleja levisecta), white-topped aster (Sericocar-
pus rigidus), as well as a number of sensitive butterfly
species (Schultz et al. 2011). However, less than 3%
of these grasslands remain intact (Crawford and Hall
1997), and non-native species threaten the remainder.
Scotch broom (Cytisus scoparius), a nitrogen-fixing
shrub, has been the main invader of these prairies.
Scotch broom has invaded and degraded grasslands
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across the Pacific Northwest by forming monocultures
(Parker 2000). Like other nitrogen-fixing legumes
(Witkowski 1991, Stock et al. 1995, Vitousek et al.
1997), Scotch broom has sometimes been shown to
increase soil nitrogen (Haubensak and Parker 2004),
and nitrogen enrichment appears to facilitate invasion
of other non-natives (Corbin and D’ Antonio 2003,
Shaben and Myers 2010) or a decline in native species
(Shaben and Myers 2010). There is also evidence that
broom may have chemical inhibitory effects on native
species (Haubensak and Parker 2004). Although the
broom has been effectively controlled in portions of
the Puget prairies (using herbicides, mowing, mechani-
cal pulling, and fire), the nitrogen added by broom, as
well as anthropogenic sources, may have facilitated
invasion by other non-native species, particularly non-
native perennial grasses that thrive under the higher
nitrogen conditions (Mahmoud and Grime 1976).
Despite ongoing control efforts, broom continues to
re-establish from the long-lived seed bank, and many
small plants bear root nodules (H.E.K., personal ob-
servation). Presumably, therefore, broom continues to
enrich the soil to some extent, and there is likely some
additional regional atmospheric deposition of nitrogen
(Jefferies and Maron 1997), which has been estimated
for the Pacific Northwest region by Galloway et al.
(2004) as more than 250 mg N m~ yr!. Inkpen and
Embrey (1998) estimated that atmospheric deposi-
tion of nitrogen constitutes almost 25% of the annual
nitrogen load overall in the Puget Sound basin. Our
research was directed at abating the threat from invasive
non-native species, which is identified in The Nature
Conservancy’s draft South Puget Sound Prairies Site
Conservation Plan and in their ecoregional assessment
as one of the most urgent and severe stresses on many
plant species conservation targets (Floberg et al. 2004).

Species Interactions, Soil Nitrogen, and Carbon
Addition

Ecological experimentation has demonstrated that soil
nitrogen levels can strongly influence species inter-
actions, with native species from grassland habitats
often showing a competitive advantage over weedy
and invasive species at low nitrogen levels (Tilman
and Wedin 1991, Wedin and Tilman 1993, Morgan
1994, Reever Morghan and Seastedt 1999). In contrast,
even very low increases in soil nitrogen levels through
fertilization often can reduce plant diversity (Clark and
Tilman 2008) and favor weedy and invasive species
(Tilman and Wedin 1991, Wedin and Tilman 1993,
Maron and Connors 1996, Cassidy et al. 2004, Vinton
and Goergen 2006), and generally favor grasses over
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forbs (Zavaleta et al. 2003). For example, Berendse et
al. (1992) found that fertilized areas of Netherlands
hayfields were dominated by invasive tall oatgrass
(Arrhenatherum elatius) whereas unfertilized areas
were dominated by native red fescue (Festuca rubra).

Given the positive responses of invasive species
to added nitrogen and the tolerance shown by native
grassland species to low nitrogen, reducing the levels of
nitrogen available to plants should enhance the ability
of native species to compete in a given site. The ad-
dition of organic matter with a high carbon:nitrogen
(C:N) ratio has been suggested as a way to accomplish
such, “reverse fertilization” (Hunt et al. 1988) through
the following mechanism. All organisms require both
carbon and nitrogen in their tissues. Whereas plants are
most often limited by available soil nitrogen (LeBauer
and Treseder 2008), most soil fungi and bacteria use
decomposing organic matter as their energy source and
are most often limited by the amount of reduced carbon
energy in the soil. Therefore, adding a carbon source
should increase soil fungal and bacterial populations
and cause them to sequester nitrogen from the soil,
making less nitrogen available to plants (Wilson and
Gerry 1995, Blumenthal et al. 2003, Perry et al. 2010).

Carbon has been added by previous researchers in
a number of forms including straw, organic mulch,
sawdust, and sucrose sugar. Of these amendments,
sawdust and sugar tend to be most common, applied
either separately or in combination (Bleier and Jackson
2007, Haubensak et al. 2007). Because sugar is soluble
and easily digested by the soil microbial community, it
presumably has a rapid but short-lived effect. Sawdust
and other more complex carbon sources tend to have
slower but longer-term effects (Szili-Kovics et al.
2007). Because of their contrasting effects, sugar and
sawdust are often used in combination to provide both
rapid and long-term pools of reduced carbon.

Quite a number of studies have examined the po-
tential for carbon amendments to alter plant species
interactions, and some of these have demonstrated the
differential responses of grasses and forbs or natives
and invasive species. Alpert and Maron (2000) found
that added sawdust reduced non-native species biomass
by 40% compared to control areas, and that most of
this reduction was due to reduced growth of invasive
grasses. Often both native and non-native species
show negative responses, but the non-native species’
responses are more extreme. For example, Bleier and
Jackson (2007) found that carbon addition suppressed
the growth of both Andropogon gerardi , a native grass,
and Bromus inermis, an invasive grass, but it had a much



larger negative effect on Bromus inermis. Blumenthal
etal. (2003) showed a negative linear response of total
weed biomass to increasing rates of added carbon (0
to 3346 g C m2). However, species within functional
groups do not all respond similarly; Blumenthal et al.
(2003) also reported that, although their carbon addition
treatment reduced the biomass of six annual weeds, it
increased the biomass of one annual weed and three
perennial weeds, as well as six native prairie species.
Overall, there seems to be a general effect: Haubensak
etal. (2007) combined the results of 50 carbon addition
studies in a meta-analysis and found a strong negative
effect of carbon addition on non-native species and a
weak positive effect on native species. Moreover, in
a recent review of 50 studies using various methods
(burning, grazing, biomass removal, topsoil removal,
and carbon addition) to lower soil nitrogen availability
to control plant invasion, Perry et al. (2010) concluded
that carbon addition, along with enhancing the estab-
lishment of desirable species tolerant of low-nitrogen,
was the most promising approach to date. While these
results provide support for using carbon addition as a
tool to manage invasive species, the responses of plant
species will also depend on the local biotic and abiotic
environment (Pennings et al. 2005).

We established a field experiment in early 2006 to
assess the responses to carbon addition of native and
introduced species from the Puget lowland prairie com-
munity. We chose to add carbon in the form of sugar
(sucrose) for two reasons. First, the prairies in which
we worked contain a relatively large component of na-
tive species, and incorporating any carbon amendment
into the soil, as is typically done when establishing a
novel planting of native species, would have caused
excessive damage to these extant natives. Therefore,
we needed a soluble carbon source that could leach
into the soil. Second, seeds of many of the native forb
species require contact with mineral soil for success-
ful germination (Agee 1993, Drake and Ewing 1997,
Dunn 1998). Adding a surface treatment of sawdust
or other non-soluble carbon source would cover the
mineral soil and prevent new recruitment of these na-
tive species. However, adding sugar can increase the
osmotic potential of the soil (Davis and Wilson 1997,
Eschen et al. 2006), perhaps to the point of causing
negative responses in the less drought-tolerant summer
dormant species. Our specific goals were to examine
the impact of sugar addition on soil nitrate, on the
cover of native and introduced species, both in total
and for selected individual species, as compared with
untreated controls, in the south Puget lowland prairies.
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In particular, we set up our experiment to test whether
sugar addition would:

¢ resultin lower available soil nitrate in these prairies,

* reduce introduced species cover, and if so, whether
introduced species would be affected more than
native species,

* enhance native species cover, presumably through
areduction in competition from introduced species,

* affectre-establishment of Scotch broom, positively
or negatively, or

» affect the native spring-blooming, summer-dor-
mant species, which are likely to be less drought
tolerant than the summer-blooming species.

Because sugar is presumed to be metabolized quickly,
we anticipated that any of these responses would be
apparent within the first year after sugar addition. In-
deed, very few studies of sugar addition have reported
responses beyond two years post-treatment, and none
to our knowledge report whether the community has
returned to its pre-manipulation state. However, we
cannot assume that the sugar addition has no long term
effects. Therefore, we followed the responses for four
years post-treatment.

Study Area

Mima Mounds Natural Area Preserve (46° 53'19”N,
123°03’01”W; Washington State Department of Natu-
ral Resources) and Scatter Creek Wildlife Area (46°
50°47”N, 123°00"21”W; Washington State Department
of Fish and Wildlife) are both protected areas, managed
by their respective agencies to enhance native species,
among other goals. The prairies of the Puget lowlands
are underlain with glacial outwash from the Vashon
glacier (Del Moral and Deardorff 1976, Kruckeberg
1991). Mima Mounds exhibits extensive areas of mound
and swale landform whereas Scatter Creek has very
few mounds. Since the soils are formed from coarse
glacial outwash, the prairie soils are naturally low in
nitrogen and droughty (Giles 1970, Ugolini and Schli-
chte 1973, Crawford and Hall 1997), but the presence
of an impervious layer under the shallow swale soils
causes these soils to be wetter in the winter and drier
in the summer than the soils on the mounds.

In the past, essentially all of Scatter Creek and much
of Mima Mounds were heavily invaded by non-native
Scotch broom, a nitrogen-fixing legume shrub that
has invaded most of the non-forested areas of western
Washington. Intensive effort has resulted in the suc-
cessful suppression of Scotch broom from most of
these two prairies, but a persistent Scotch broom seed
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bank remains, which requires constant maintenance to
prevent re-establishment of seedlings. Scotch broom had
been controlled for several years in most of the areas
in Mima Mounds prairie on which we worked before
we initiated our experiments. However, in two of the
three areas in Scatter Creek, substantial broom stands
were mowed just prior to the initiation of our experi-
ments. During the first two years of our experiments,
we removed all broom seedlings and broom regrowth
that appeared in the experimental plots. However, in
2009, broom regrowth was not removed and seedlings
and regrowth were used to assess any effect of the
treatments on Scotch broom recurrence.

Methods

In March 2006, as part of a larger experiment, we ap-
plied a total of 1000 g C m™ as sucrose (42% carbon)
in three increments, each two weeks apart, to four 1-m?
plots for comparison with four control plots on each
of three areas in each of the two prairies (a total of 24
sugar-addition plots and 24 control plots). Sugar was
applied in a randomized block experimental design, in
which the treatments were replicated equally within the
three blocks on each prairie and across the two prairies.
We chose 1000 g C m2, a middle-to-high range among
those applied in previous studies, as a compromise
between cost and likelihood of showing an effect.

Soil nitrate was measured in soil samples (0-10 cm
depth) from each plot collected in March 2006 (pre-
treatment), April 2007, June 2009, and April 2010.
Soils were stored at -20 °C until they were analyzed
for nitrate, which was done colorimetrically in 2006
and 2007 and using a nitrate-selective electrode in
2009 and 2010. Each year, a subset of the soil nitrate
values were verified through professional testing (USAg
Analytical Services, Pasco, WA). The differences in
soil collection dates were unavoidable; because soil
nitrate levels change during the season, these differ-
ences in sampling dates may have caused some of the
final differences among years. Therefore, although we
present these data, caution should be exercised in the
interpretation of differences among years.

Cover of each vascular plant species present, as well
as total cover of moss and lichen, was estimated in each
plot in late May-early June of 2006, 2007, 2009, and
2010, when most species could be reliably identified.
In addition, in April of 2007 and 2009, we estimated
the cover of the early summer-dormant species that
senesce before the main census. Moss and lichen cover
did not differ in any consistent way between treatments
or from year to year and we did not consider it further.
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Statistical Analysis

Across the four years and between the sugar treatments
and prairies, we compared soil nitrate levels, total cover
of native and introduced species, change in percent
cover of native and introduced species, and cover of
seven individual species based on their high abundances
in the prairies, four native (Roemer’s fescue [Festuca
idahoensis ssp. roemeri], camas [Camassia quamash,
2007 and 2009 only], long-stolon sedge [Carex inops]
and round-leaved bellflower [ Campanula rotundifolia))
and three introduced (colonial bentgrass [Agrostis
capillaris], tall oatgrass [Arrhenatherum elatius], and
hairy cat’s ear [Hypochaeris radicata]). In addition, we
compared cover of Scotch broom seedlings between
control and sugar-addition plots for 2009 and 2010. For
comparisons between treatments, we used t-tests when
normality and homogeneity of variance assumptions
were met, either directly or after natural log transforma-
tion (adding one before transformation when the data
included zeros); where transformations were unsuc-
cessful in attaining homogeneous variances, we used
Mann-Whitney U tests for independent comparisons.
To test for changes in cover across the four years of our
study, we compared cover between years using paired
t-tests, either with the pooled treatments (if they did
not differ) or separately for individual treatments where
treatments differed, applying Bonferroni corrections to
the P-values for the multiple tests (e.g., for six yearly
comparisons, f-values are reported without correction,
but P-values were multiplied by six). Because Bonferroni
corrections are highly conservative tests (Moran 2003),
in these cases we refer to any result as significant if P
< 0.10. Although most comparisons between control
and sugar-addition plots did not differ between prairies,
cover of individual species differed between prairies
in several analyses. Therefore, we split all analyses
by prairie for consistency, and sample sizes were 12
plots in each treatment for every analysis. Finally, to
explore possible reasons for the increase in total cover
in control plots as well as in sugar-addition plots over
the four years of the experiment, we examined the
relationship between native and introduced species’
cover and total precipitation during the previous summer
(June-September) from weather data collected at the
Olympia, WA, airport (located approximately 17 km
from each of our prairie sites; NOAA, Olympia airport
station, http://www.ncdc.noaa.gov/oa/climate/station-
locator.html) using ANCOVA, with sugar treatments
and prairies as categorical variables. When interaction
terms were not significant, they were deleted and the
model was recalculated. All statistical analyses were



carried out using SPSS 13.0 for Windows. Nomenclature
and native status follows the “USDA Plants” website
(http://plants.usda.gov/).

Results

Soil Nitrate

Soil nitrate did not differ significantly between control
and sugar-addition plots before the sugar treatments were
applied (Mima Mounds: ¢ = 0.843, P = 0.408; Scatter
Creek: 1 =0.408, P = 0.687; Figure 1, 2006). Over the
first year, average nitrate concentration decreased in
both treatments, but decreased twice as much in sugar-
addition plots as in control plots, such that in 2007,
the sugar-addition plots contained only 61.4% (Mima
Mounds) and 50.3% (Scatter Creek) as much available
nitrate as control plots (Mima Mounds: # =2.686, P =
0.013; Scatter Creek: r = 0.715, P = 0.482). In 2009
and 2010, nitrate levels in the sugar-addition plots did
not differ from those in the control plots (2009-Mima
Mounds: #=0.208, P =0.837; Scatter Creek: r=0.1.55
P =0.879; 2010-Mima Mounds: = 0.726, P = 0.426;
Scatter Creek: t = 1.479, P = 0.153). Over the four
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Figure 1. Mean soil nitrate levels (+ 1 SD) in control and sugar-
addition plots over four years in two south Puget lowland
prairies (N = 12). Sugar (1000 g C m-2) was added only
in 2006, after the initial nitrate measurements, and all
other nitrate measurements were post-treatment. As-
terisks indicate significant differences between sugar
treatments (*P < 0.05, **P < 0.01).Letters above the
bars indicate differences among years; bars that share a
letter are not different at oo = 0.05.
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years of the study, nitrate levels within prairies and
sugar treatment fell sharply, even in the control plots,
such that every annual comparison indicated significant
declines except 2009 to 2010 in Mima control plots,
in which nitrate increased, and except 2006 to 2007 in
Mima Mounds control plots and in 2009 to 2010 Scatter
Creek control and sugar-addition plots which indicated
no significant change (paired t-tests with Bonferroni
corrections; for all significant comparisons ¢ > 3.421
and P < 0.010). Only in 2009 did the two prairies dif-
fer in soil nitrate (Mann-Whitney U tests; Z = 3.413,
P <0.001), with Mima Mounds averaging only 20%
as much nitrate as Scatter Creek. In all other years,
the prairies did not differ in their soil nitrate levels
(Mann-Whitney U tests; all Z < 1.340, all P > 0.180).

Total Native and Introduced Species Cover

In May 2006, only two months after the sugar additions,
cover of introduced species was 42.4% lower (Mima
Mounds) and 48.0% lower (Scatter Creek) in sugar-
addition plots than in control plots (Mima Mounds: ¢ =
3.864, P <0.001; Scatter Creek: r =2.588, P =0.017;
Figure 2, 2006). In contrast, native species showed no
difference between sugar-addition and control plots
(Mima Mounds: all t = 0.144, all P = 0.887; Scatter
Creek: all 1 = 0.419, all P = 0.680). By May 2007,
however, the effects of sugar addition on introduced
species had dissipated, and although the absolute means
of both native and introduced species were somewhat
lower in the sugar-addition plots, neither plant group
showed any significant responses to sugar treatments
(Mima Mounds natives: =0.944, P =0.355; introduced
species: t = 1.145, P = 0.264; Scatter Creek-natives: ¢
=0.855, P =0.402; introduced species: t = 1.507, P =
0.146). By 2009, cover of introduced species was 32.0%
higher (Mima Mounds) and 51.3% higher (although not
significantly, Scatter Creek) in sugar-addition plots than
in control plots (Mima Mounds: ¢t = 2.077, P = 0.05;
Scatter Creek: t = 1.670, P = 0.109), whereas natives
showed no differences (Mima Mounds: r = 0.450, P =
0.657; Scatter Creek: r = 0.207, P = 0.838). In 2010,
although introduced species were still somewhat more
abundant in sugar-addition plots than in control plots in
Scatter Creek, this difference was no longer significant
(In transformed data, r = 0.696, P = 0.174).

Both the difference in response to the sugar treatment
between native and introduced species and a marked in-
crease in total cover by both plant groups (see Responses
to Precipitation, below) over the four year period are
sharpened by comparing changes in cover between the
two plant groups between 2006 and 2010 (Figure 3).
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Figure 3. Mean change in cover (+ 1 SD) of native and introduced
180 1 species in control and sugar addition plots over four years
i | _i in each prairie (N = 12; ms: P < 0.01).
50 1 TABLE 1. ANOVA tables comparing change in cover from 2006
. to 2010 in Mima Mounds and Scatter Creek prairies

between control and sugar addition treatments in native
and introduced plant species.

Native Introduced Native Introduced

Figure 2. Mean cover (+ 1 SD) of native and introduced species in

control and sugar-addition plots over four years in each  Source df Mean Square F P
prairie (N = 12). Sugar (1000 g C m-2) was added only )
in 2006, and all cover measurements were post-treatment. ~ Mima Mounds

Asterisks indicate significant differences between sugar Sugar Treatment 1 1465.78 3.161 0.082
treatments (**P < 0.05, ***P < (0.001). Native Status 1 17310.90 37.335 <0.001
Treatment*Status 1 1373.34 2.962 0.092

Error 44 463.66

. . .. . . Scatter Creek (In transformed data)

Native species showed similar increases in cover over Sugar Treatment 1 0.01 0.022 0.883
the four years in both control and sugar-addition plots Native Status 1 0.11 0.180  0.673
Treatment*Status 1 1.78 2.857 0.098

(Mima Mounds: control 28.1%, sugar-addition 28.4%;
Scatter Creek: control 76.9%, sugar-addition 63.2%),
which were not significantly different (In transformed,
Mima Mounds: ¢ = 0.096, P = 0.924; Scatter Creek:
t =0.953, P =0.351). In contrast, introduced species
showed considerably larger increases in cover over
the four years in sugar-addition than in control plots
(Mima Mounds: control 55.3%, sugar-addition 77.1%;
Scatter Creek: control 37.5%, sugar-addition 76.9%);
these larger increases were significant in Scatter Creek
(In transformed, Mima Mounds: = 1.707, P = 0.102;
Scatter Creek: t=2.777, P =0.011). This difference in
response to sugar addition between native and introduced
species was marginally significant for both prairies
(ANOVA Mima Mounds interaction F; 4, =2.962, P =
0.092; Scatter Creek In transformed interaction F; 44
=2.857, P =0.098, Table 1).
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Error 44 0.62

Responses of Individual Species

Introduced species — Cover of individual introduced
species varied both between prairies and in response
to sugar addition, but across prairies, treatments, and
years, the three most abundant introduced species
were hairy cat’s ear (Hypochaeris radicata), colonial
bentgrass (Agrostis capillaris), and tall oatgrass (Ar-
rhenatherum elatius). Cover of hairy cat’s ear was
initially lower in sugar-addition plots than in control
plots in 2006, but only significantly so for Mima
Mounds because of the low initial cover in Scatter
Creek (In transformed data; Mima Mounds: 36% lower,
1=3.695, P =0.001; Scatter Creek: 71.3% lower, t =
0.634, P=0.533; Figure 4). It remained lower in 2007,
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transformed data; Mima Mounds, 36.0%
lower, t=1.786, P =0.088; Scatter Creek,
71.3% lower, t =0.913, P = 0.374). After
2006, colonial bentgrass did not differ
significantly between control and sugar-
addition in any year or prairie (In trans-
formed data; all r < 1.549, P > 0.136).
However, colonial bentgrass increased
considerably from 2007 to 2009 in both
prairies (paired t-tests with Bonferroni cor-
rections; Mima Mounds: 57.9% increase;
t=2.585, P=0.10; Scatter Creek: 172.4%
increase; t=3.529, P=0.011). From 2009
to 2010, colonial bentgrass cover remained
essentially stable (Figure 4).

Tall oatgrass cover did not differ be-
tween control and sugar-addition plots in
either prairie in any year (all t < 1.075;
all P> 0.294), and was essentially stable
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over the four years in Mima Mounds after
a significant decrease between 2006 and
2007 in the control plots (80% decrease;
t=2.747, P = 0.019). In Scatter Creek,
tall oatgrass cover showed marginally
significant increases between 2007 and
2009 and again between 2009 and 2010

2006 2007 2009 2010 2006 2007

Figure 4. Mean cover (+ 1 SD) of the four most abundant introduced species in control
and sugar-addition plots in 2009 (N = 12). Asterisks indicate significant
differences between sugar treatments (ms: P <0.10, *P <0.05, **P < 0.01,
*#%P < 0.001). Letters above the bars indicate differences among years;

bars that share a letter are not different at o = 0.05.

although still not significantly so in Scatter Creek (In
transformed data; Mima Mounds: 54% lower, t =2.865,
P =0.009; Scatter Creek: 46.1% lower, t =0.725, P =
0.477). By 2009, there was no longer any difference
in cover between control and sugar-addition plots in
Mima Mounds, but cover had markedly increased in
Scatter Creek such that cover of hairy cat’s ear was
significantly higher in sugar-addition than in control
plots (In transformed data: Mima Mounds: 0.5% lower,
t=0.701, P = 0.491; Scatter Creek: 228.4% higher, ¢
=3.225, P=0.004). The increased cover of hairy cat’s
ear in sugar-addition plots in Scatter Creek persisted
in 2010 (In transformed data; Scatter Creek: 134.2%
higher, r =2.253, P = 0.035).

In contrast to hairy cat’s ear, colonial bentgrass
cover was only marginally significantly lower in sugar-
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2009

(paired t-tests, t = 1.822, P = 0.096; t =
1.912, P = 0.082, respectively, Figure 4).
Whereas we had removed Scotch broom
seedlings in the first two years of the study
to maintain the treatments, we stopped
removals in 2009 and 2010 to test for ef-
fects of sugar additions on Scotch broom
recurrence. By 2009, Scotch broom had recurred in
about 17% of the plots (one of 12 control and none
in sugar-addition plots in Mima Mounds; four of 12
control and three of 12 sugar-addition plots in Scatter
Creek), and cover was low in plots where it occurred
(1-2% cover). Between 2009 and 2010, broom had
recurred in an additional two plots in Mima Mounds,
and cover increased 244% in control 675% in sugar-
addition plots in Scatter Creek, although these increases
were not statistically significant because of the small
sample sizes (Mann-Whitney U test, all Z < 0.577; all
P >0.571, Figure 4). In Scatter Creek in 2010, broom
cover in occupied sugar-addition plots was 36% higher
than in occupied control plots, but again this difference
was not significant because of the low sample sizes
(Mann-Whitney U test, Z = 0.535, P = 0.629).

2010
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plots throughout the four years, this differ-
ence was marginally significant only on
Mima Mounds in 2010 (In transformed data;
t=1.911, P=0.069; all other comparisons,
t<1.667, P >0.110).

Across the four years of the study, how-

ever, cover of each of these native species
(pooled over treatments) increased markedly
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in at least one of the prairies. Roemer’s fescue
cover remained stable at Mima Mounds but
increased by 212% between 2006 and 2010
on Scatter Creek (paired t-tests with Bonfer-
roni corrections, r=4.305, P=0.001). Cover
of camas more than doubled on each prairie

round-leaved bellflower
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between 2007 and 2009, increasing by 187%
on Mima Mounds and by 193% on Scatter
Creek (paired t-tests, Mima Mounds: ¢ =
5.156, P < 0.001; Scatter Creek: ¢ = 3.323,
P =0.003). Round-leaved bellflower cover
increased on both prairies between 2006
and 2010, but with the increases significant

long-stolon sedge
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on only Mima Mounds (paired t-tests with
Bonferroni corrections; Mima Mounds:
234% increase, t =3.353, P=0.017; Scatter
Creek: 286% increase, t = 1.862, P =0.450).
Long-stolon sedge was almost absent on
Mima Mounds, but it was abundant on Scatter
Creek, and there it steadily increased over

2006 2007 2009 2010 2006 2007

Figure 5. Mean cover (+ 1 SD) of the four most abundant native species in control

2009

the four years such that by 2010, cover had
increased 316% from 2006 (paired t-test with
Bonferroni correction; r=5.614, P <0.001).

2010

and sugar addition plots over four years (N = 12). There were no signifi-

cant differences between sugar treatments (ms: P < 0.10). Letters above
the bars indicate differences among years; bars that share a letter are not

different at oo = 0.05.

Native species — Of the four most common native
species in the prairie (Roemer’s fescue, camas, round-
leaved bellflower, and long-stolon sedge), none was
significantly affected by sugar addition (Figure 5).
Camas was of particular interest because it is one of
the flagship prairie species, and it blooms early and
senesces before the onset of the summer dry season.
In 2007, camas cover was 34% lower on each prairie
in the sugar-addition plots than in control plots, but
these differences were not significant (Mima Mounds:
t = 1.220, P = 0.235; Scatter Creek: t = 1.058, P =
0.301), and in 2009, the mean camas cover in control
and sugar-addition plots was essentially identical (Mima
Mounds: 17.1% vs. 17.2%, respectively; t = 0.037, P
=0.971; Scatter Creek: 5.8% vs. 5.1%, respectively; ¢
=0.241, P =0.812). Similarly, although round-leaved
bellflower cover was nominally lower in sugar addition
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Cover Response to Precipitation

Analysis of weather records revealed a sig-

nificant relationship between precipitation
during the previous summer period (June-September)
and plant cover measured in 2007, 2009 and 2010
(Table 2, Figure 6). Native species cover was higher in
Scatter Creek than in Mima Mounds and this difference
between the prairies increased only non-significantly
with higher precipitation. In contrast, whereas introduced
species cover showed no obvious relationship with
prairie or sugar treatment under lower precipitation, it
increased with higher precipitation significantly more
in the sugar-addition plots than in the control plots (¥ ,
=19.582, P =0.003).

Discussion

Sugar was effective in lowering soil nitrate levels sig-
nificantly (by 44%, Figure 1), but only within the year
following addition (2007). Based on literature reports of



TABLE 2. Cover responses of native and introduced species to year or more; unfortunately we were unable to collect

sugar treatment and previous summer precipitation. data in 2008. By 2009, the effect had dissipated.

Source df  Mean Square  F P Cover of established native and introduced species
Native Species initially supported our prediction that sugar treatment
Prairie 1 5067.630  35.111 <0.001 would give the native species a rapid, but short-lived,
Sugar treatment 1 51.253 0.355  0.568 reduction in potential competition from non-native
Precipitation® ! 2568492 17796 0.003 species. In May 2006 (Figure 2), only two months

Error 8 144.331 . .
after sugar treatment, the cover of introduced species
Introduced Species was significantly lower in sugar treated plots than in
Prairie 1 1117.470 — 31.071  0.001 control plots, whereas native species showed no differ-
lsalleg;; itggggfnt } 422 g% ) ggg é <388‘1l ences between the treatments. Although the same trend
Sugar*Precipitation 1 704272 19582  0.003 was apparent a year later, cover of neither introduced
Error 7 35.966 nor native species differed between control and sugar

treated plots. In 2009, however, the pattern reversed,
and introduced species cover was significantly higher
) . in sugar treated plots than in control plots. A similar,
other studies using sugar (sucrose or dextrose; Reever though non-significant reversed trend persisted in 2010,
Morghan and Seastedt 1999, Paschke et al. 2000, the fourth year after sugar addition. This pattern of the
Blumenthal et al. 2003, Suding et al. 2004, Paschke introduced species gaining ground faster than the native
et al. 2005, Prober et al. 2005, Vinton and Goergen species is most clear when comparing the change in
2006, Bleier and Jackson 2007, Eschen et al. 2007, cover from 2006 to 2010 between native and introduced
Blumenthal 2009), we expected a negative response of species (Figure 3). This rebound of introduced species
soil nitrate to sugar addition, but the duration of lower has not generally been noted in studies of sugar addi-
nitrate levels among previous studies varied, and most tion, perhaps because the studies do not continue to
studies have not measured nitrate levels beyond a year monitor the resident community long enough to see
after sugar addition. The effects we observed lasted a it. As is clear from the yearly cover means (Figure 2),
total cover increased each year after sugar treatment.

Although the native species made up part of that in-

crease, the introduced species increased more, both

in the control plots and in the sugar-addition plots.

Given that sugar addition doesn’t actually remove

nitrogen from the soil but presumably only induces
60 the microbial community to sequester it, the stronger
rebound of introduced species in sugar-addition plots

*Precipitation data were natural log transformed before analysis.

120

OMima-Control Native Species
100 41 ®Mima-Sugar
OScatter-Control

mO

80 1 W Scatter-Sugar

mo

- 40 1 might be caused by re-release of nitrogen once the
o % | / microbial population has collapsed. Moreover, one
3
c i Figure 6. Association between cover of native and introduced
8 Introduced Species e species and total precipitation during the previous sum-
o 100 1 ° mer (June — September) in control and sugar-addition
o plots on each prairie. Each point represents the mean of
80 - o 12 plots. Individual regressions: Native species, Mima
Mounds, control treatment: y = 34.828x - 46.006, R2 =
60 1 0.986, P =0.075; sugar treatment: y = 50.587x - 80.703,
R2=0.988, P=0.068; Scatter Creek , control treatment:
0 y = 94.993x - 132.24, Rz = 0.762, P = 0.326; sugar

treatment: y = 106.55x - 165.38, R2=0.823, P =0.277;
Introduced species, Mima Mounds, control treatment:
20 1 y = 57.182x - 43.258, R? = 0.834, P = 0.266; sugar
treatment: y = 119.2x - 172.25, R2=0.969, P =0.113;
Scatter Creek, control treatment: y = 55.884x - 63.773,

173 200 225 2.50 R? =0.983, P = 0.085; sugar treatment: y = 144.21x -
Previous summer precipitation (cm) 242.03, R2 = 0.993, P = 0.053. ANCOVA results are
(natural log transformed) shown in Table 2.
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mechanism by which species tolerate low resources is
an inherently low relative growth rate (Chapin 1980,
Grime 1988, Goldberg and Landa 1991), and the lack
of response by the native prairie species, on a popula-
tion level, is consistent with the hypothesis that they
were unable to take advantage of the presumed lower
competition provided by the initial lower biomass in
the surrounding community and then also any released
nitrogen. Although any re-release of nitrogen might have
been evident in the soil nitrate data, it might also have
been rapidly taken up by the plant community (Shaben
and Myers 2010) preventing us from documenting it,
especially since we sampled soil late in 2009.

The rebound of the introduced species is troubling
for using sugar as a management tool; if sugar causes
initial success but is detrimental in the longer term, it
is clearly not a magic bullet, but a management tool to
be considered for use in concert with other tools. The
vast majority of sugar addition studies have followed
plant cover for one to two years (or even less) because
sugar is presumed to have only short-term effects.
More studies need to follow the native and introduced
plant cover responses for at least three years to assess
the generality of the response we have documented.
In addition, rebound might be prevented if sugar were
added persistently (a “press” experiment), perhaps at
lower concentrations, rather than only as a single ap-
plication (a “pulse” experiment).

Among the most abundant introduced species, only
hairy cat’s ear showed a significant individual nega-
tive response to sugar addition (Figure 3). Colonial
bentgrass is the most abundant invasive grass in these
prairies and tall oatgrass has been especially targeted
for eradication by managers. Unfortunately, neither
of these important invasive species was negatively af-
fected by sugar addition; in fact, they both increased
in the plots over the four years of the experiment.
Colonial bentgrass, in particular, appears to be one of
the introduced species that has rebounded after other
resident species were suppressed by sugar addition.
The overall significant reduction in introduced species
in sugar-addition plots in 2006 must therefore be an
accumulation of smaller non-significant responses by
many introduced species (e.g., colonial bentgrass on
both prairies, tall oatgrass on Scatter Creek). The trend
toward lower Scotch broom cover in sugar-addition
plots is suggestive, but because the difference is not
significant, support for the suggestion that sugar has
any effect on Scotch broom is weak at best.

Among native species, none showed a significant
negative response to sugar addition. However, Ro-
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emer’s fescue, the most abundant native species on
both prairies, had consistently, although not signifi-
cantly, lower abundances in the sugar-addition plots on
Scatter Creek (although not on Mima Mounds [Figure
4]), suggesting that there may be some concern that
fescue doesn’t tolerate sugar particularly well. How-
ever, previous work with this species (Ewing 2002)
suggested that impoverishment of the soil—lowering
nitrate availability—as we did in the sugar-addition
plots, resulted in the best success of fescue in compe-
tition with introduced species. Therefore, it may not
be the lower nitrate availability itself that is causing
the nominally lower abundance of fescue, but other
effects of the sugar (see below). In contrast to fescue,
camas showed no negative effects of sugar addition,
and in fact, showed a strong increase between 2007 and
2009. Camas differs from many of the early-blooming
species in that it perenniates as a bulb, and therefore
may be somewhat insulated from the effects of sugar.
Round-leaved bellflower, another spring bloomer,
had different responses to sugar on the two prairies:
on Mima Mounds, cover in the sugar-addition plots
was consistently, though not significantly, lower than
in the control plots, whereas on Scatter Creek, cover
of bellflower was nominally higher on sugar-addition
plots than control plots by 2009. Finally, long-stolon
sedge was slightly, although again not significantly, less
abundant in the sugar-addition than in control plots on
Scatter Creek. If these two species are representative
of most of the early-blooming summer-dormant native
species, this minimal negative response suggests that
sugar would not particularly damage those species
that provide the stunning floral show on the prairies
in the spring. However, more tests of the effects of
sugar on these summer-dormant species are necessary
to generalize.

Adding natives via seeding or transplanting in com-
bination with carbon addition to reduce soil nitrogen
has been proposed (Funk and Vitousek 2007), and
would presumably reduce the rebound of introduced
species that we observed, but only if a sufficient density
of native species were established. Also, the success
of establishment is likely to be directly related to the
cost. In most situations, transplantation would be the
most successful way to increase the abundance of
natives, but it is also the most expensive. Broadcast
seeding is cheaper but often relatively ineffective
because of low rates of establishment success due to
complex germination or establishment requirements
(Davies et al. 1999, Page and Bork 2005). Depending
on the scope and goal of the restoration effort, the cost



of transplanting may indeed be prohibitive. Using a
combination of transplants and seeding, or allowing a
relatively small number of transplants to become seed
sources themselves, might be a compromise solution
for some restorations (Mulligan et al. 2002).

Although our study and many others (e.g., Paschke et
al. 2000, Torok et al. 2000, Cassidy et al. 2004, Prober
et al. 2005, Eschen et al. 2007, and see also Perry et
al. 2010) have demonstrated that sugar addition does
immobilize nitrogen, which is often associated with a
disproportional negative effect on introduced species,
there is another possible mechanism to explain these
observations. Sugar adds solute to the soil solution
and therefore increases the osmotic potential of the
soil. This increase in osmotic potential would make it
more difficult for plant roots to draw water from the
soil, inducing a physiological equivalent of drought,
to which some species might be more tolerant than
others. Most of the studies that have been successful
in using sugar to enhance the relative success of na-
tive species have targeted relatively drought tolerant
native species (e.g., Paschke et al. 2000, Cione et al.
2002, Blumenthal 2009), but certainly not all studies
with drought-tolerant native species have success-
fully enhanced those natives (e.g., Reever Morghan
and Seastedt 1999). If desired native species are more
drought tolerant than the introduced species, then the
osmotic effects of sugar could be part of the cause of
the differential response between native and introduced
species, rather than solely nitrogen immobilization.
Although these osmotic effects of sugar have largely
gone unmentioned, at least one study has combined
sugar addition with nitrogen addition to test for non-
nitrogen effects of carbon addition (Blumenthal et al.
2003). They used a combination of sugar and sawdust
as the carbon source, and their results suggest that
nitrogen immobilization is responsible for the success
of native species they observed. Only two other studies
explicitly considered osmotic causes for some of their
observations: Eschen et al. (2006) mentioned osmotic
effects as a possible complication in their pot study, and
Davis and Wilson (1997) suggested osmotic effects to
explain the extensive mortality observed in their field
sugar addition experiment. Of particular interest is
that the desired native species in Davis and Wilson’s
experiment were wetland prairie species, which would
likely be less drought-tolerant than the grassland spe-
cies targeted by many studies. However, among those
species that were killed by sugar in that experiment
were woolly sunflower and colonial bentgrass, two
species that were very tolerant of sugar additions in
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our experiments. This outcome suggests that local
adaptations are critical to species’ responses.

The marked increase in cover over the four years
of our study that we documented in both the control
and sugar-addition plots was unexpected, and our data
do not directly address its cause. However, analysis of
local weather records resulted in some support for the
hypothesis that these increases were weather-driven
(Figure 6). The relationship between previous summer
precipitation and cover the next year seems reasonable
given the droughty soils and water limitation during
the summer season on these prairies. More summer
moisture would presumably lead to more stored car-
bohydrate, which would potentially result in larger
plants or increased seedling establishment the follow-
ing year. The rather striking pattern that introduced
species increased much more than native species in
response to the higher precipitation further supports
the suggestion that the native species have inherently
lower growth rates than the introduced species and
cannot take advantage of available resources as quickly
as can the introduced species.

The initial high levels of nitrate might be somewhat
surprising since broom had been under management on
these prairies for at least a decade prior to the initiation
of our experiment, and leaching would presumably have
reduced levels of nitrate over that time. Therefore, it
seems that either there are sources of nitrogen deposi-
tion in the region other than Scotch broom (Inkpen and
Embrey 1998) or that leaching doesn’t remove nitrogen
very rapidly. Given this observation, the noticeable de-
crease in nitrate levels in the control plots over the four
years was also somewhat surprising. Yet we observed a
rather steep decline in both the sugar-addition and the
control plots from 2006 to 2009. One possible explana-
tion is that we sampled nitrate at somewhat different
times in these years; if nitrate levels decrease rapidly
over the spring season, as found by Shaben and Myers
(2010), then the low nitrate levels in June 2009 would
potentially be an artifact of sampling time. However,
both the 2008 and 2010 samples were taken in April, and
the decline in nitrate is evident between these similar
sampling dates. A second possible explanation is that
the higher plant cover made possible by the previous
summer’s precipitation resulted in increased nitrate
uptake by those plants, and less nitrate available the
following year.

In summary, sugar addition was successful in im-
mobilizing soil nitrate and, in the short term, in sup-
pressing introduced species without suppressing na-
tive species. However, in the longer term, the overall
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suppression of the resident community seems to have
allowed the introduced species to rebound faster than
the native species, and four years after sugar addition,
introduced species have shown somewhat higher cover
in the sugar-addition plots than in the control plots.
Therefore, it may be advantageous to try a combina-
tion of transplantation (in small areas) and seeding (in
larger areas) of low-nitrogen and drought tolerant native
species with sugar additions to prevent the rebound of
introduced species.
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